Abstract-Renewable energy is seen as a viable alternative to traditional energy sources, and distributed generation (DG) based on renewable energy sources has experienced rapid growth worldwide. High penetration of renewable energy based DG systems makes the grid more vulnerable, and stricter standards have been issued for grid interconnection of DG systems. DG systems are expected to be controllable with high flexibility and reliability. Provision of grid support functions and ancillary services, such as reactive power control, fault ride-through and harmonic compensation, is the key to attaining higher utilization of DG. Such functionalities are implemented in new generation smart inverters, which can contribute to the reduced cost of energy and need for additional system resources. The state-of-the-art power system support functions are summarized in this paper for the purpose of enhancing operation in low-voltage networks. Experimental results are given to better understand the implementation of the functions.
I
N recent years, there has been a rapid increase of renewable energy based distributed generation (DG) in power systems. These DG systems, such as photovoltaic (PV), wind, etc., have intermittent power output which disturbs the system operation [1] , [2] . The penetration level of DG units is expected to further increase in the future. This is because they play an important role in reducing pollution, decreasing power transmission losses, and improving local utilization of renewable energy sources [3] , [4] .
However, intensely expanding installation of DG units into the grid also brings challenges to the distribution network, such as reverse power flow, voltage deviations, frequency fluctuations, and power quality problems [5] - [7] . The California Public Utilities Commission has initiated a Smart Inverter Working Group to investigate new requirements for inverter-based PV and energy storage systems. The recommendations have been approved to be included in California's Electric Tariff Rule 21, which governs DG interconnection in California utilities. Spurred by the CA Rule 21 update [8] , UL released the latest 'Smart Inverter' standard for inverters (UL 1741SA) in September 2016 [9] . Meanwhile, a few IEEE and IEC standards are under revision or new development [10] .
These new standards are published in order to regulate the interconnecting DG systems, especially in terms of power system support functions and ancillary services [8] , [11] . These highly anticipated standards provide a certification method for smart inverter functionality and will help reduce barriers to large scaled renewable energy deployment. The functions should be developed to minimize the adverse effects from variable renewable energy generation and other grid disturbances [12] .
Also, critical customer demands are continuously being updated to facilitate reliable and efficient power generation from DG units, which imposes more challenges for the interfaced inverters. Therefore, new generation smart inverters with enhanced control flexibility are desired to provide power system support functions [3] .
Power system support functions from smart inverters such as reactive power compensation, fault ride-through, and power quality enhancement, together with higher reliability demands, are the key to further reducing the total cost of energy. This paper takes PV systems as an example to introduce, review and analyze the power system support functions of smart inverters.
The objective of this paper is to review the available technologies regarding power system support functions of smart inverters. The following sections in the paper describe the power system support functions in detail along with experimental results. The voltage support (reactive power control) function of smart inverters is described in Section II. Harmonic compensation is discussed in Section III. Voltage ride-through control strategy is introduced in Section IV, followed by frequency ride-through in Section V. Then, other power system support functions are introduced in Section VI. The final section gives the conclusion.
II. reactIVe poWer control
Traditionally, PV systems are designed with active power control as governed by IEEE 1547 Standard for Interconnecting Distributed Resources with Electric Power Systems. However, the impact of increasing penetration of PV systems in low-voltage distribution networks may change the voltage profile of feeders. If the total installed PV is larger than the capacity of the host feeder, network safety and stability cannot be guaranteed. Specifically, when the production of a feeder surpasses its consumption, a reverse power flow occurs which leads to overvoltage and might cause problems to the coordination of protective devices and disconnection of equipment for stability reasons [13] . So the reactive power control strategy should be adopted to ensure the voltage is within the acceptable range.
tries have specified reactive power control strategies in order to maintain power quality or provide ancillary services for the low-voltage networks. Therefore, the inverters should supply reactive power reasonably.
There are many papers focusing on reactive power control, and the control strategies are summarized in this section. Some commonly used reactive power control strategies included unity power factor method [14] - [16] , active power-dependent method [16] , [17] , Q(V) control [18] , [19] , Q(V)/P(V) control [20] , [21] , 2-quadrant P-Q planemethod [22] - [24] , etc. A detailed analysis is shown as below.
A. Unity Power Factor Method
Previously, the most common reactive power control strategy was the unity power factor method [14] - [16] , where the inverter operates with no injection of reactive power into the grid, as shown in Fig. 1(a) . This approach is in complete compliance with the previous version of IEEE Standard 1547 and UL1741, which specifies that distributed resources shall not actively regulate voltage at the point of common coupling (PCC) [16] , [25] , [26] .
However, the disadvantage of this method is that there will be overvoltage in the areas with high penetration levels of PV. In some applications, a limit on maximum active power generation is enforced to prevent voltage beyond the allowed range, and this will curtail the active power to the power system [27] .
B. Active Power-Dependent Method
Utilities have succeeded in mitigating overvoltage problems due to unity power factor operation by slightly changing the power factor of the inverter. However, the reactive power control results in a considerable power loss to low-voltage grids. Hence, in order to minimize the power loss, the German Grid Codes proposed the standard characteristic curve in Fig. 1(b) . The objective of the standard requires the generation unit to operate in reactive power consumption mode when the feed-in active power surpasses a threshold P th in order to mitigate the overvoltage [28] . With the active power-dependent method [16] , [17] , the general relationship between active and reactive power of a PV system is defined as follows:
(1) where m ( < 0) is a slope factor.
This method adjusts the reactive power flow back to the grid based on active power output of the inverter, thus providing a form of voltage regulation due to active power output variations. However, it does not actively regulate voltage at the PCC because the feeder impedance characteristics are not taken into account.
C. Q(V) Control
The Q(V) control method provides a dynamic voltage-regulation response based on local or area electrical power system voltage [18] , [19] . One example of the Q(V) characteristic curve is shown in Fig. 2(a) . The inverter is either consuming or producing reactive power if its terminal voltage deviates from the predefined upper/lower critical voltages V U and V L , respectively. Owing to the effect of feeder impedance, the voltage of PV inverters near the feeder typically are within the range, so these inverters do not contribute in voltage regulation. But inverters near the end of the feeder need to provide reactive power, causing additional stress on these inverters.
D. Q(V)/P(V) Control
The Q(V)/P(V) strategy has been proposed in order to further mitigate overvoltage when Q(V) control alone is inefficient. One example of the Q(V)/P(V) characteristic curve is shown in Fig. 2(b) . The control strategy is similar to the Q(V) method with the addition of an active power curtailment (P C ) feature [20] , [21] . Fig. 3 illustrates inverter operation in a 2-quadrant P-Q plane, where the inverter can generate either inductive or capacitive reactive power at different voltage levels [22] - [24] . The feasible operating space is enclosed by the triangular-shaded area that represents the total power factor limit and inverter rating curve. The inverter generates inductive reactive power when the voltage exceeds the upper voltage level, and the inverter generates capacitive reactive power when the voltage is below the lower voltage level.
E. 2-Quadrant P-Q Control
There is room for most PV inverters to provide reactive power compensation, since the PV inverters rarely operate at the rated power levels. The maximum available reactive power |Q max | can be determined by: (2) where P ins is the instantaneous active power and S max is the maximum apparent power.
F. Reactive Power Control at Night
Being weather-dependent, active power injection from PV inverters is only possible when there is sufficient solar irradiance. Consequently, while active power is not available during nights, reactive power can be delivered to the grid. That is to say, the PV systems can work as a static Var generator (SVG) and provide dynamic compensation of reactive power to adjust the grid voltage of the power system. This operation mode is referred to as reactive power control at night [3] , [29] .
Considering the reactive power constraint of a PV inverter shown in (2), the PV inverter can inject reactive power equivalent to the maximum apparent power during the night. The suitable reactive power value is decided by the real-time grid voltage level.
G. Test Results of Reactive Power Control
Residential PV installations are very common and single-phase inverter is required for a PV system connecting to the grid. Fig. 4 shows the schematic diagram of a typical single-phase grid-connected PV system. The two-stage converter is adopted to achieve power conversion, which can achieve a flexible control strategy. The DC/DC converter is adopted to offer maximum power point tracking (MPPT) of PV output and boost the PV panel voltage to an acceptable range for the DC/ AC converter (i.e. inverter). The inverter stabilizes the DC-link voltage and controls the grid current with good power quality. In this control system, the reference reactive power Q* is generated according to the aforementioned reactive power control strategies.
Two different control objectives are tested based on an actual 5 kW single-phase PV system (parameters are in Appendix), and the 24hr operational results are shown in Fig 
III. HarMonIc coMpensatIon
Nowadays, many power converter based apparatuses such as variable speed drives and switching mode power supplies, have been used. These loads have created issues in power quality [30] - [32] .
For grid-connected generation systems, the current distortion is an important power quality index. For instance, both IEEE Standard 1547 and Rule 21 state that the total harmonic distortion (THD) of grid current injection into distribution system at the PCC should not exceed 5% at the rated current level. However, grid conditions and operational modes may significantly impact the distortion level of the injected current from grid-connected inverter systems. Therefore, a high-performance control solution must be developed for grid-connected systems to produce high-quality power in different operation conditions. To compensate harmonic distortions in distribution systems, many active and passive filtering methods have been developed [33] . However, installing additional filters is not very favorable due to their high costs and sensitivity to parameter variations. Alternatively, flexible control of grid-connected inverters may be utilized to offer the possibility of power quality improvement. Consequently, the harmonic compensation function could be integrated with the primary power generation by modifying the control strategies [34] - [36] . This is especially attractive considering that PV systems do not always operate at full capacity, and the available capacity can be used to realize harmonic compensation without additional costs [37] .
For PV systems participating in power quality enhancement, there are three harmonic compensation objectives in general: 1) PV current harmonic rejection, 2) PCC current harmonic compensation, and 3) PCC voltage harmonic compensation [38] . The first and second objectives can be attained by modifying the current controller of the inverter. Voltage control is essential for achieving the third objective, and virtual impedance is always introduced to accomplish the compensation.
A. Controller Based Methods
There has been significant work done in the area of harmonic compensation using different controllers. Multi-resonant controller (MRC) plugged into proportional-resonant/proportional-integral (PR/PI) controller are the most popular controller for harmonic elimination, which can easily compensate low-order harmonics [39] - [43] . However, the discretization of multiple resonant controllers will result in a heavy computation burden, and the fundamental frequency variation will affect the performance. Also, as mentioned in [42] , the phase margin of the system becomes small with MRC and resonances may be triggered if phase-lead compensators are improperly designed.
The study in [44] - [47] considers the use of repetitive controller (RC) based harmonic elimination, and RC with a simple phase compensator can track or reject all harmonics below the Nyquist frequency. It can eliminate harmonics using much less computation than MRC does, but the dynamic response is much slower than MRC's. Also, it is impossible for RC systems to optimize the error convergence rate, since the gain of all the harmonics in RC are equal.
Predictive controller (PC) was known as the deadbeat controller with a high bandwidth and fast dynamic response, which is widely used for current error compensation to offer high quality current to the grid [48] . However, it suffers degraded performance due to the time-delay and system model mismatch [49] . Several methods have been proposed to improve the overall performance of PC. Improved algorithms have been presented to reduce the sensitivity to parameter variations [50] - [52] , compensating for the time delay [53] , [54] and rejecting disturbances experienced by the control system [55] , [56] .
A hybrid controller by combining the RC and PR controller is also developed, and it can achieve high-performance regardless of the operational modes [57] , [58] .
B. Virtual Impedence Based Methods
Over time, the virtual impedance concept is increasingly employed for the control of power electronic systems, which is developed to optimize inductance-to-resistance (X/R) ratio of the inverter's equivalent output impedance [59] . Generally, the virtual impedance loop can either be embedded as an additional degree of freedom for active stabilization and disturbance rejection, or be employed as a command reference generator for the inverters to provide ancillary services. The virtual impedance is generally implemented based on the feedback of output filter states and/or the feedforward of the disturbance variables. By shaping the control output impedance, the virtual impedance can be used for harmonic compensation [60] .
The virtual impedances at the harmonic frequencies can be implemented in different ways. The research in [61] - [63] considers the inverter as a small resistance at harmonic frequencies, where the PCC voltage is measured and the harmonic components are extracted to produce the reference harmonic current of the inverter. A virtual impedance across the grid side inductance, which can be represented by a series RL branch in parallel with a negative inductance, is added through the grid current feedback control [64] . A virtual RC damper in parallel with the passive filter capacitor is proposed in [65] , where the positive resistance achieves better performance of harmonic resonance damping, and the negative inductance reduces the grid side inductor for the purpose of better harmonic distortion mitigation. In order to eliminate the influence of the virtual impedance on the power control, a high-pass filter is introduced in the virtual impedance control and the virtual impedance is only effective in the high resonance frequency range [66] .
C. Test Results of Harmonic Compensation
The schematic diagram of PV system with harmonic compensation is shown in Fig. 6 . The predictive controller based method is adopted to achieve the PCC current harmonic elimination.
The experimental results in Fig. 7(a) shows that the current at PCC is distorted by nonlinear equipment. After adding the PV system to provide harmonic compensation, the current at PCC becomes much more sinusoidal in Fig. 7(b) and the THD of current decreases to 8.01% from 41.21% in Fig. 7(a) . 
IV. Voltage rIde-tHrougH
Recently, with high levels of penetration of PV generation, maintaining the grid stability represents a greater challenge to the network operators. The events of voltage sags happening every year in many countries have increased. Utilities have released grid codes that require these systems to provide grid support during grid faults. One of them is to introduce the voltage ride-through (VRT) capability into PV systems. To fulfill these grid codes, the PV systems need to satisfy the VRT capability requirement and contribute to stabilizing the grid voltage during a disturbance [67] , [68] .
Several countries have updated the grid codes for VRT in low/medium-voltage systems. For instance, CA Rule 21 allows PV inverters to ride through faults. The low/high voltage ridethrough (L/HVRT) function is a departure from the previous UL 1741/IEEE 1547 standards where only must trip levels and durations were assessed. Now smart inverters must stay connected to the grid for a specific duration and then trip after the must trip time, as shown in Fig. 8 [8] , [12] .
Along with the updates of grid codes, the control techniques of PV inverters are required to be upgraded as well, because the operation during voltage faults is much different from that of normal conditions. Some issues need to be considered, such as fault detection and the power balance control under different voltage levels. In order to successfully complete the VRT operation, several key technologies should be resolved including voltage detection techniques and power control strategies.
A. Voltage Detection Methods
The voltage detection and synchronization scheme play a major role in the control of PV systems under grid faults. A good synchronization system should respond to a voltage change immediately when a fault occurs. Many methods can obtain the exact voltage dip depth and phase angle within one fundamental period under ideal operation conditions. However these methods are incapable of coping with harmonics and unbalanced grid conditions. Nowadays, phase-locked loop (PLL) technique based synchronization methods have become the most widely used solutions. Some methods have been proposed to enhance the performance under polluted grid conditions. Two widely-used PLLs, the enhanced PLL (EPLL) [69] - [71] and the second-order generalized integrator (SOGI)-based PLL (SOGI-PLL) [72] - [74] , are based on the combinations of adaptive filters with a sinusoidal multiplier and a quadrature signal generator system. These PLLs can only filter high frequency harmonics; however, the low frequency harmonics are not eliminated.
Recently, more advanced PLL techniques have been presented, which enable robustness of synchronization against both the low and high order harmonics. A PLL based on a multi harmonic decoupling cell (MHDC) technique scheme is proposed [75] , [76] , which can achieve an accurate performance under harmonic distortions. However, it increases the complexity resulting in heavy computation. To eliminate the DC offset and harmonics of SOGI-PLL under grid faults, several methods have been proposed in the literature [77] - [81] . A new second-order SOGI-QSG (SO-SOGI-QSG) presented [81] inherits the simplicity of the SOGI-QSG and also has better disturbance attenuation.
Reference [82] has compared several widely-used PLL methods in terms of accuracy and dynamic response during voltage faults, and it reveals that the SOGI-PLL is a promising synchronization technique in single-phase grid-connected systems for VRT. Therefore, the SOGI-PLL has been adopted to detect both phase and magnitude of grid voltage in single-phase PV systems, and the structure of SOGI-PLL is shown in Fig. 9 .
B. Control Strategies
The control diagram of the PV system with VRT capability is shown in Fig. 10 . The SOGI-PLL is used to detect both the phase and amplitude of the grid voltage quickly during a voltage fault. However, the control strategy should be modified during a voltage fault to satisfy the grid codes.
Some methods have been proposed to achieve better performance under grid voltage faults. The maximum current amplitude control for the inverter is presented [83] , [84] to provide the maximum reactive power under the allowable current amplitude. Different reactive power injection strategies are proposed to improve the reliability [85] , including constant average active power control, constant active current control, constant peak current control, and thermal optimized reactive power control strategy. To improve the output waveform quality and maintain safe operation by attenuating double-line-frequency voltage ripple during a grid voltage drop, a DC-link voltage adjustment method for the inverter is proposed [86] . The concept of multi-mode operation for PV power systems is presented to maintain balanced power [87] . According to the new standard Rule 21, the control strategies of PV system is given as below.
1) MPPT Mode
The converter should be in continuous operation when the grid voltage is in the "Near Nominal Voltage" region in Fig. 8 , so the DC/DC converter should remain in its MPPT mode to harvest the maximum power from the PV array.
2) Constant Power Control Mode
If the grid voltage is in Low Voltage Regions 1 & 2 defined in Fig. 8 , the present active output power and current of the single-phase inverter may be higher than the allowable maximum value. So the MPPT function of the boost converter should be abandoned, and the simplest way is to turn off the switches of the boost converter. However, in order to continuously deliver the solar energy to the grid and to shorten the MPPT response time after the grid fault is cleared, the constant power control mode should be adopted.
3) Momentary Cessation Mode
If the grid voltage is in Low Voltage Region 3 or High Voltage Region 1, the PV system shall work in momentary cessation mode and cease to energize in not more than 0.16s but not trip. Therefore, the switches of the boost converter and single-phase inverter should be turned off but the breakers and contactors of the PV system should keep closed.
C. Test Results of Voltage Ride-Through
A grid simulator (California Instruments MX22.5) is adopted to generate grid voltage faults, and experimental results of the 5 kW single-phase PV system are given to validate the performance of the synchronization technique and the voltage ridethrough control strategy.
1) PLL Results
The amplitude step of grid voltage is generated by the grid simulator to simulate a grid voltage dip fault from 240 V to 100 V, shown in Fig. 11 . The experimental results show that the SOGI-PLL can detect the voltage amplitude and phase angle precisely in different voltage levels and has a good dynamic response to amplitude changes. The settling time of the amplitude is about 1 grid cycle. The frequency and phase angle are not affected significantly when the voltage dips.
2) VRT Results
The performance of VRT is evaluated experimentally, and different scenarios are implemented to test the multi-mode operation of PV systems mentioned before.
When the grid voltage dips to 63% of its normal value shown in Fig. 12 , the voltage is in Low Voltage Region 2 according to Rule 21. So the PV system should be in mandatory operation and the control mode of converter should change from the MPPT mode to the constant power control mode. The PV system can keep the connection and deliver power to the grid during voltage dips, and there is no overcurrent and overvoltage. The inverter returns to the MPPT mode after the voltage recovers.
When the grid voltage dips to 42% of its normal value shown in Fig. 13 , the voltage is in Low Voltage Region 3 according to Rule 21. So the PV system should work in momentary cessation, and the control mode of the converter should change from the MPPT mode to the momentary cessation mode. The PV system still keeps the connection with the grid but ceases to energize in 30ms after the voltage dips. The system starts delivering power to the grid when the voltage recovers to normal. 
V. frequency rIde-tHrougH

A. Introduction
The frequency ride-through (FRT) regions corresponding to Rule 21 are shown in Fig. 14 . Smart inverter systems shall remain connected to the power system while the grid is within the "must stay connected frequency-time region", and shall disconnect from the grid outside the frequency-time range.
The high and low frequency protection limits will permit generation systems to ride through temporary frequency rises and dips, thus decreasing the number of unnecessary disconnections by generation systems and possible power outages. Generation systems will no longer disconnect before the frequency levels have had time to possibly recover and return within their normal limits [11] .
FRT is easy to implement comparing with VRT, because there is no overcurrent or overvoltage and the control strategy remains unchanged for PV systems during the transition process. The most important issue for FRT is the frequency detection technique, which should be able to detect the frequency accurately with a good dynamic response. Similar to the voltage detection in VRT, a PLL is employed to obtain the frequency, such as the SOGI-PLL.
B. Test Results of Frequency Ride-Through
The grid simulator is adopted to generate grid frequency faults, and experimental results of a single-phase PV system are given to verify the FRT capability of the 5 kW PV inverter.
1) Frequency Detection Results
Experimental results of a grid frequency step change from 60 Hz to 62 Hz are shown in Fig. 15 . It validates the frequency-adaptive characteristic of the SOGI-PLL which is able to overcome a big jump of frequency without oscillations. The system has a good dynamic response under frequency changes, 
2) FRT Results
Various tests of FRT in different frequency regions have been implemented experimentally, and two scenarios are shown below.
When the grid frequency dips to 58 Hz as shown in Fig. 16 , which is in Low Frequency Region 1 according to Rule 21, the PV system should be in mandatory operation. From the result, the PV system can deliver power to the grid during the frequency dip, without overcurrent and overvoltage.
When grid frequency swells to 63 Hz as shown in Fig. 17 , which is in High Frequency Region 2 according to Rule 21, the PV system should trip within 0.16 s. The PV system trips in about 50ms after frequency swells, as seen from Fig. 17 , satisfying the requirement of the standard.
VI. otHer poWer systeM support functIons
In addition to the aforementioned power system support functions of smart inverters, others functions are mentioned in the interconnection standards. The following gives a brief introduction to some of them.
A. Freq/Watt Control
Freq/Watt control is required in DG units in many European countries and is also included as an optional function in Rule 21.
In order to provide frequency support to the grid, an inverter may change its active power output with the changes in grid frequency. As frequency increases, the desired response of the inverter is to decrease its active power output. Contrariwise, as frequency decreases it is desired for the inverter to increase its active power output [11] .
For PV systems, inverters only export no more than the maximum power of the PV panels to the grid. Such inverters may not be capable of increasing their active power and so can only provide an over frequency response. This active power response to a change in frequency is referred to as a Freq-Watt droop function, and the characteristic of Freq/Watt control is shown in Fig. 18 .
B. Black Start
Black start capability refers to power system restoration after a power outage on the grid. Research on black start is mainly focused on the restoration of traditional power systems, high voltage direct current (HVDC) systems and microgrid systems. Black start capability is also an optional function according to Rule 21. An inverter-based distributed generation system may operate in a microgrid (possibly just itself) and support additional loads being added, so long as they are within its generation capability [11] .
For inverter based systems under such a scenario, an inverter should operate in voltage control mode to generate a stable and clean reference voltage in the absence of the main grid voltage, and facilitate grid synchronization to smoothly switchover from the islanded operation to grid-connected operation when the main grid is restored. 
VII. conclusIon
The concept of smart inverters has been emphasized in newly developed DG interconnection standards in order to achieve smooth and grid-friendly integration of large-scale PV systems, and of renewal energy systems in general. Smart inverters could provide a suite of power system support functions. This paper reviews the state-of-the-art power system support functions of smart inverters, such as reactive control, fault ride-through, and harmonic compensation, which could be an enhancement for the new PV inverters to offer additional system resources for grid operation. Viable methods to implement these functions are investigated and tested in a single-phase PV system developed by the authors. Experimental results have demonstrated that smart inverters with power system support functions can provide system resources to alleviate issues created by high PV penetration into the grids. 
